The Cerrado is the second largest biome in Brazil after the Amazon and is the savanna with the highest biodiversity in the world. Serra Tombador Natural Reserve (STNR) is the largest private reserve located in Goiás State, and the fourth largest in the Cerrado biome. The present study aimed to map the burnt areas and to describe the spatial patterns of fire recurrence and its interactions with the classes of land-cover that occurred in STNR and its surroundings in the period between 2001 and 2010. Several Landsat TM images acquired around the months of July, August and September, coinciding with the region's dry season when fire events intensify, were employed to monitor burnt areas. Fire scars were mapped using the supervised Mahalanobis-distance classifier and further refined using expert visual interpretation. Burnt area patterns were described by spatial landscape metrics. The effects of fire on landscape structure were obtained by comparing results among different land-cover classes, and results summarized in terms of fire history and frequencies. During the years covered by the study, 69% of the areas analyzed had fire events. The year with the largest burnt area was 2004, followed by 2001, 2007 and 2010. Thus, the largest fire events occurred in a 3-year cycle, which is compatible with other OPEN ACCESS Remote Sens. 2014, 6 9874 areas of the Brazilian savanna. The regions with higher annual probabilities of fire recurrence occur in the buffer zone around the park. The year 2004 also had the highest number of burnt area patches (831). In contrast, the burnt area in 2007 showed the most extensive fires with low number of patches (82). The physiognomies that suffered most fires were the native savanna formations. The study also identified areas where fires are frequently recurrent, highlighting priority areas requiring special attention. Thus, the methodology adopted in this study assists in monitoring and recovery of areas affected by fire over time.
Introduction
The Cerrado is the second largest Brazilian biome with an approximate area of 2 million km 2 , occurring in different soil types and geological formations. Among the determinant factors in shaping these ecosystems are fire, seasonal rainfall patterns and nutrient-poor soils [1] . Evidences of fire in this region have been dated from 32,000 years BP [2] .
Natural fires are common in the Cerrado (savanna) region, where the grassy herbaceous biomass becomes especially dry and very flammable during the dry season, and may be caused by lightning at the beginning of the wet season [3] . Thus, the Cerrado species are adapted to a natural fire regime [1, 4] . Several studies report that fire exerts considerable control over the proportion of woody and herbaceous plants in the Cerrado and causes changes in the structure and composition of the vegetation [5, 6] . Fire tends to favor herbaceous plants [7, 8] , while fire suppression induces gradual changes in the density of tree species, leading to more dense savannas [9, 10] . In certain ecosystems, natural fire suppression causes a reduction in the quantity of plant species [11] . Therefore, the description of the fire regime is an important factor in understanding the spatial distribution of plants and their different regeneration strategies, particularly in regions with climatic seasonality.
Anthropogenic fires have occurred in the Cerrado for over 10,000 years, related to the beginning of human occupation. Biomass burning in the tropical savanna is a common practice for the expansion of agriculture or pastures; either through burning residues or through stimulating the regrowth of grasses to feed cattle in the dry season [12] . Eventually, these fires get out of control, causing large wildfires. Typically, anthropogenic fires in the Brazilian Cerrado occur in the dry season and cover extensive areas, contrasting with the natural fires that burn small patches and are rapidly extinguished by rain [12] . Thus, human actions alter the natural fire occurrences, changing the responses of organisms to fire, nutrient cycling, and distribution of vegetation types [13] .
Remotely sensed images have a considerable potential for mapping burnt areas and fire regimes, particularly at the regional level. This technology is useful in comparison to other conventional approaches because of its accuracy, repeatability, and speed in data acquisition, longer historical data and ease of combination with other thematic data. Satellite-based burnt area mapping is performed using different sensors (various spatial and temporal resolutions) and classification procedures. Many research studies about fire recurrence and burnt area have used Landsat data [14] [15] [16] [17] [18] [19] .
The main limitation with Landsat imagery is the difficulty in finding a temporal series adequate to accurately map the fire regime. Meanwhile, burnt area maps generated from satellite sensors with high temporal-resolution and coarse spatial-resolution (approximately 1-km), such as System Pour l'Observation de la Terre (SPOT-VEGETATION), Advanced Very High Resolution Radiometer (AVHRR), Along Track Scanning Radiometer (ATSR-2), Geostationary Operational Environmental Satellite (GOES) and Moderate Resolution Imaging Spectrometer (MODIS), fail to detect the majority of small and fragmented burnt areas [20] [21] [22] . Silva et al. [22] compared burnt area estimates derived from SPOT-VEGETATION and Landsat ETM+ data in African savannas and found an underestimation for the coarser resolution ranging from 14.3%-28.5%. Schroeder et al. [20, 23] performed a validation of GOES and MODIS active fire detection products using ASTER and ETM+ data and highlighted a high overall omission error. In this case, the result interpretation should be oriented to the larger biomass burning events, which show higher rates of successful detections. Furthermore, annual fire occurrence maps derived from the different coarse spatial-resolution datasets such as active fire and burnt area detected by the MODIS and Along Track Scanning Radiometer (ATSR) exhibited the poorest agreement [24] . Consequently, mapping fire scars using fine spatial resolution data (for example Landsat ETM+) enables improved delineation of small and patchy fires [25] .
Most wildfire-mapping efforts have supported either the analyses of climate-fire relationships or the operational, real-time efforts of wildfire suppression and recovery, and thus, little work has used wildfire mapping to inform long-term strategies for wildfire management. This paper aimed to map the fire scars that occurred at the STNR and its surroundings during the period 2001-2010, using remote sensing and Geographic Information System (GIS) data analyses. Therefore, this article uses an approach that relies on fire distribution data for understanding and refining wildfire-management strategy issues. We characterized the region's fire regime in terms of area, number of fragments, recurrence, and location according to the vegetation types. This information could assist park managers to improve firefighting practices, identifying areas with highest incidence of fire, which at present are assumed according to fire managers contacted during the course of this study.
Study Area
The study area totals 90,029 ha and covers the entire STNR, plus a 10 km buffer extending outward from the reserve limits ( Figure 1 ). The STNR was acquired in 2007 by the Boticario Group Foundation for Nature Protection with support from The Nature Conservancy and in 2009 it was recognized as a Private Natural Heritage Reserve. The STNR is the largest private reserve in Goiás State.
The region has a tropical precipitation regime characterized by well-defined wet and dry seasons. The historical average annual precipitation is 1491 mm, most of which (80%) is concentrated between October and March [26] . This rainfall regime directly influences the occurrence of anthropogenic fires in the dry season [13] . Small and medium-sized watercourses are predominant. The soils are shallow and developed on impervious metamorphic rocks. Thus, during the dry season, the smaller watercourses tend to dry up, while in the rainy season, torrential rains can lead to flash flooding. 
Datasets
The input data used were the remote sensing images and the vegetation map. We used all available Landsat-5 Thematic Mapper (TM) images acquired between 2001 and 2010 during the months of July, August and September, when the fire events intensify in the region ( Table 1 ). The study area overlaps two Landsat −5 TM scenes (221/69 and 221/70) totaling 50 images, which were warped through pairs of images to create 25 mosaics.
Annual burnt area mapping representativeness was subject to image availability. All the images were downloaded from the Instituto Nacional de Pesquisas Espaciais (INPE) website. Each image is composed of six bands (bands 1, 2, 3, 4, 5 and 7), stacked following the correct sequence. The pairs of images (221/69 and 221/70) were mosaicked and subsequently we performed a subset process in order to cover only the study area. The Nature Conservancy produced the vegetation map of the study area [27] from the expert interpretation of SPOT images (5-m spatial resolution) for the year 2007 ( Figure 2 ). The vegetation-map accuracy through visual interpretation and fieldworks shows a Kappa Index equal to 0.87. This map describes the following classes: Forest formation (dense savanna woodland), savanna formation, grassland formation, anthropic use and water bodies. The main economic activities in the region are extensive cattle grazing and subsistence farming.
Methods
The methodology was subdivided into the following steps: (a) pre-processing of TM-Landsat images; (b) burnt-area detection by combining a supervised classification and visual interpretation for the months of July, August and September over 10 years; (c) definition of annual burnt area; (d) calculation of landscape metrics for burnt areas; and (e) cross-tabulation analysis between the burnt areas with natural vegetation. Figure 3 shows a flowchart of the methodology used in this work, which summarizes the relationships among the different procedures for image processing and GIS analysis. The results from these last two analyses were integrated to characterize the fire cycle in both time and space. Our hypothesis is that the fire cycle should exhibit periodic activity and occur preferentially in certain types of vegetation under the influence of anthropogenic activities. Each of these steps is discussed in detail below. 
Pre-Processing
The images were mosaicked and co-registered using the ERDAS Imagine software. Images were superimposed within 0.2 pixel root mean squared error (RMS) to achieve an error of only 10% [28, 29] . For this work, the Landsat-5 TM images were co-registered onto a SPOT-5 mosaic (i.e., 5-m spatial-resolution), which was corrected from two double-frequency GPS receivers (Hiper-Plus, Topcon Positioning Systems, Inc., Livermore, CA, USA).
Burnt Area Classification and Fire Recurrence Analysis
Automatic detection of burnt areas is a complex procedure because it does not have a defined spatial pattern and includes a wide variety of spectral characteristics (charcoal, scorched leaves or even green leaves) [14, 30] . These spectral measures can change based on the observation time and fire factors, such as the severity of the fire, the time elapsed since the fire was extinguished, type of vegetation and soil exposure [14, 30, 31] . Thus, different methods were proposed to enhance and detect burnt areas and minimize the spectral confusion, for example, spectral indices [32] [33] [34] , change detection algorithm using difference between pre-and post-fire [35, 36] ; spectral mixture analysis [37, 38] ; change vector analysis [39] ; neural networks [40] [41] [42] ; and object-based classification [43, 44] . However, classification algorithms for burnt areas may lead to very different results [45] . Despite the large number of methods available in the literature, specific information about the advantages and limitations of different algorithms is limited, as well as the appropriate environmental conditions to apply each method [17, 46, 47] . According to Mallinis and Koutsias [17] , the variance imposed by environmental factors in the study area may be greater than variance imposed by methods. Consequently, many studies have focused on the advantages of one technique over another in the specific context of a single experiment, which cannot be generalized across all situations [17] . Thus, the theme about mapping burnt areas remains active in remote sensing researches [48] .
Nevertheless, the burnt areas are easily identified by visual interpretation obtaining reliable results [14] . Normally, visual interpretation of remote sensing data by photointerpreters is used for the validation of burnt areas from other mapping techniques [14, 49, 50] . Bowman et al. [50] evaluated four methods to map the apparent fire scars in Landsat-TM and concluded that visual methods were better able to discriminate burnt areas than other methods.
Fire scars were mapped using a supervised Mahalanobis-distance classifier (from all bands) and a post-classification by expert visual interpretation. Mahalanobis distance consists of a normalized distance, which incorporates an ellipsoidal distribution that best represents the probability distribution of the set estimated by covariance matrix of spectral band images [51] . Li et al. [52] use this particular distance in burnt area mapping, providing an image pixel-by-pixel probability of fire, which can be an important input to statistical methods for fire propagation estimation.
The 27 mosaics were classified considering the following main targets: Photosynthetically active vegetation, water, bare soil, rocky outcrop, shade and burnt vegetation. However, we found a low accuracy in supervised classification, which required an extensive complementation with visual interpretation. Therefore, fire scars were eventually confused with shaded areas in supervised classification, being corrected by manual editing. Burnt area vectors (27 layers) were visually inspected with their correspondent mosaics and edited to eliminate inconsistencies or erroneous polygons. The monthly data (July, August and September) were grouped by year resulting in nine layers from 2001-2010 (with the exception of 2002). Fire recurrence map was obtained by summing the annual fire maps from the GIS. This map contains nine classes (from 1-9), which represents the recurrence of fire events.
Landscape Metrics to Describe Burnt Area Patterns
This study uses spatial landscape metrics to describe burnt area patterns. Initially, landscape metrics were used to characterize the habitat fragmentation, which refers specifically to the progressive subdivision of habitat blocks into fragments and the effects on biodiversity [53] . Various theoretical and empirical studies of the ecological effects of habitat fragmentation have been made, developing a variety of landscape metrics [54] . These landscape metrics were also adapted for modeling of urban growth and land-use change [55] [56] [57] and landscape heterogeneity [58] . In the study of fire, the spatial metrics were used to compare measures (size, shape, arrangement of patches and geographic orientation) of burnt area [59] ; forest fragments after fire [60] ; fire severity [61] [62] [63] or changes in vegetation patterns associated with fire regimes [64, 65] . Landscape metrics of burnt areas were calculated using the Patch Analyst public domain software [54] 
Cross-Tabulation of the Vegetation Map and Fire Scars
The effects of fire on landscape structure were obtained by comparing the land-cover classes from the Tombador-Veadeiros Ecological Corridor Project and the burnt areas between 2001 and 2010, through cross-tabulation method. Several studies implemented cross-tabulation analysis between fire scars and land-cover classes [66] [67] [68] . Thus, exact shapes of the fire scars are overlaid with the land use/cover layer to yield preliminary statistics and identify co-occurrences among them, providing the percentage of area burned for each class. Cross-tabulation provided the history of burnt areas throughout the study region, indicating both where and when those disturbances took place.
The vegetation cover in the study area has not changed significantly during the years 2002-2010, according to the official map of remaining natural vegetation [69, 70] . The loss of natural vegetation in this conservation area with low population density was 760 hectares (0.85%) between 2002 (88,578 ha) [69] and 2010 (87,818 ha) [70] . Therefore, we assumed that the vegetation map produced in 2007 did not change over the study period because of its irrelevance in the statistical analysis.
Results

Burnt Areas in the 2001-2010 Period
The total area that has been burned at least once in the 2001-2010 period corresponds to 62,015 ha (~69% of the study region) (Figure 4) . Table 2 and Figure 5 ). This cyclical behavior of fires events agrees with other results found for savanna environment [69] [70] [71] [72] .
In the restricted area of the STNR, the total burnt area during the study period was 7231 ha (82% of the reserve's area) ( Table 2 ). In 2007, more than half the area (4442 ha) had fire events. The years of 2001 (3869 ha) and 2004 (2893 ha) also show extensive burnt areas. Comparing burnt areas within the park and in the buffer zone, the highest difference occurred in 2010, where extensive fires occurred in the buffer zone, while there were few events in the reserve. The cycle of three years of fire events was also observed in the restricted area of the SNTP, except for 2010. Table 3 shows the landscape metrics of burnt areas for the years 2001-2010. In general, individual fires do not spread over very large areas, whereas, due to the large number of fire events during the dry season, the total burnt area occupies an extensive fraction of the region studied. Although some years have a large total burnt area, the burnt patches are small.
Landscape Metrics Results
The landscape metrics of the burnt area in 2007 showed the most extensive fires, characterized by: (a) second highest total area; (b) low number of patches (82) 
Fire Recurrence
A total of 62,248 ha was mapped as burnt area between 2001 and 2010. Of that total, 42,403 ha (68%) were mapped as burned more than once (Table 4 ). The total area burned twice was 20,728 ha (33%), value close to total area burned once (19,904 ha, 32%). Figure 6 shows the fire recurrence map, highlighting the main spatial zones of high fire recurrence (marked in blue). All major areas of fire recurrence are located in the buffer zone around the park. The maximum fire recurrence (nine times) was identified in a small area (5 ha) in the northeast of the park, i.e., burnt areas were identified in all years surveyed (Zone 1). Another small area (4 ha) presented a fire recurrence of nine times during the study period (Zone 2). Zone 3 corresponds to the largest cluster with higher fire recurrence, forming a north-south lineament in the northwestern limits of STNR. Zone 4 is the most critical area because it crosses the eastern boundary of the park. Zone 5 is located farther from the park boundary, in East and Southeast portions, indicating areas where fires occurred five times in the 10-year period. Within the boundaries of STNR, two regions with fire recurrence over five times in 10 years were studied: One in the Northwest portion near the Zone 3 and another in Southeast near the Zone 4.
Results of Fire Events by Land Cover Classes
As described above, the land-cover map does not fully cover the buffer zone (Figure 2) . Thus, the total burnt areas were changed to match the available information (Table 5 ). In absolute numbers, the largest burnt area occurred in native Savanna Formation (37,232 ha), four times more than the Grassland Formation, the second most burnt-class (9435 ha). However, the sum of areas of the Grassland and Savanna Formations contain approximately 76% of the burnt areas in relation to its total area. Forest formations had a burnt area of 4981 ha and Anthropic Use had the lowest burnt area with 701 ha. However, the relative percentage of burnt area within the class of anthropic use corresponds to 46%. The main economic activities in the region are extensive cattle and subsistence farming, and environmental conditions are not suitable for intensive agribusiness activities [27] . Analysis of fire occurrence within the SNTR boundaries shows that the burnt areas in each land-cover class are proportional to the values of the total study area. The main burnt areas were in savanna (5398 ha, 74.66%) and grassland (1244 ha, 17.21%) totaling 91.86% of burnt areas inside the park. Forest Formation had 573 ha (7.93%) affected by fire and the Anthropic Use 15 ha (0.21%) ( Table 6 ). Unburnt areas in the reserve correspond, in their great majority, to valleys with gallery forests. 
Discussion
There is increasing interest in fire management approaches based on the understanding of historical dynamics of fire events using remote sensing and in how these dynamics may be changing through time [73] [74] [75] . The present work uses different techniques of remote sensing and GIS to describe the spatial and temporal patterns of fires in savanna regions. Spatial analysis described in this research intends to help land managers with regional data on current conditions of vegetation and burnt areas to conduct fire management and maintain ecosystems.
The supervised classification from the Mahalanobis distance showed the main sites of the burnt area, but has severe limitations in establishing the required dataset, on which all studies should be based. The main errors of supervised classification for burnt areas observed by visual inspection were the low-reflectance targets, such as water bodies, bare soils, shadows or cloud-shadows. These unburnt targets that produce potential confusions with burnt areas are comprehensively described in different studies and consist of a constant challenge for burnt area classification [30, 48, [76] [77] [78] [79] . Therefore, the burnt areas have only a group of pixels that can be enclosed by Mahalanobis distance classification, while the others still require further identification.
The automatic detection of burnt areas is not a trivial task due to its high spatial, spectral and temporal variability, which increases the potential for interference between unburnt and burnt area. Most of the available algorithms are adjusted to the local conditions; however, these generally offer very diverse omission and commission errors in different ecosystems [80] [81] [82] . An alternative to solve the apparent contradiction is to apply a visual interpretation approach, such as official fire perimeters in Portugal that are derived from visual analysis of Landsat images [14] . Thus, we opted for refining the burnt-area detection by visual interpretation from TM-Landsat images. Visual inspection is a key step because it allowed a redefinition of erroneous polygons of supervised classification. The accuracy analysis of visual interpretation data was not performed because of the following factors: (a) uncertainty of the historical fire records; (b) the area has difficulty of access to conduct fieldwork, which is aggravated for a long period; and (c) the visual interpretation provides reliable data that often are used as reference in studies of supervised or unsupervised classification of burnt areas [14, 49, 50, [77] [78] [79] [80] . Furthermore, the spatial analysis of burn scars may contain omission errors, since it refers to a specific satellite overpass time, which may miss events occurring at other times. In this context, the months with the highest incidence of fires were included in the survey. In spite of inherent errors on the visual mapping or fire records, the model used allowed a reasonable interpretation of the different fire cycles and spatial patterns of burnt area on savanna composition.
Although visual interpretation by a skilled interpreter yields accurate and precise results, this option is more time consuming and expensive. Hence, future work should focus on the comparison between the obtained results with other automatic classification techniques for mapping burnt areas ranging from the simplest ones as the spectral indexes to a multi-temporal classification approach, and in any case after the application of an adequate pre-processing of the data to resolve any shadow, water and cloud noise.
Proper fire management requires an understanding of the nature of fire and its changes. Therefore, fire recurrences and patch analysis are particularly important features to describe regional trends and develop strategies in order to mitigate fire events. The spatially/temporally aggregated burn scar data demonstrated that 69% of the study region was fire. Results highlight that the burnt area is very dependent on the type of coverage, where the grassland and savanna formation are strongly linked to fire events. Thus, the savanna and grasslands had the highest area of burning during the study period. These results confirm previous studies dealing with Brazilian savanna structure and seasonal occurrence of fire [83, 84] . In the forest formation, the conditions that are more humid limit the fire events to small patches, obtaining the lowest proportion of burnt areas. Thus, residual vegetation islands in the fire events have a strong relationship with forest formation, located in the landscape under different edaphic water content and topography.
The year 2005 had the largest fires and the highest number of burnt-area fragments. Other years with high percentage of burnt areas did not demonstrate high values in the number of fragments. The fragmented burnt area during the 2005 year was probably due to the fire occurrence in the early dry season, where remaining green vegetation prevented the spatial spread of fires, creating islands of burned and unburned vegetation. Bucini and Lambin [85] also demonstrate a higher occurrence of the small and fragmented burn scars due to an early fire in the savanna environment.
The spatial distribution of burned areas during 2001-2010 reveals a pattern of recurrent burns in specific zones around the park. Five zones were highlighted as priority for monitoring and firefighting. In this study, we observed the occurrence of uncontrolled burning caused by anthropogenic fires outside the park during the dry season, which expands into the park area. In the study region, extensive grazing systems typically use fire to stimulate vegetation regrowth and increase food availability for animals. Normally, the increased incidence of human-caused fires around national parks is linked to hunting and other subsistence activities, such as cattle. Other parks in the Brazilian savanna exhibit similar patterns with anthropogenic fire characterized by their occurrence in the dry season and their possession of an extensive burned area, such as the Chapada dos Veadeiros National Park [86] and Serra da Canastra National Park [87] . Burning typically occurred at intervals of 3-years due to human intervention, similarly to other savanna localities as noted by França and Setzer [71] in Emas National Park.
Interestingly, a marked decrease of the fire extent inside STNR occurred after 2007, which coincided with the creation of the park and consequently of the fire prevention programs. The total burnt area inside the park in the period 2008-2010 was only 1752.31 ha, far below most of the other analyzed years. Moreover, only a negligible park area experienced fire recurrence in this period. The year 2010 showed a high percentage of fires, located in the northern portion of the buffer zone; however, the fires do not affect the STNR. This suggests that the underlying reason for the changes in fire recurrence in the region could be attributed to the park boundary and an increase in firefighting. Thus, the long-term strategy to extend the network of parks in the savannah proves to be an important component of nature conservation. Another issue that must be examined is whether the performance of protected areas is restricted to local effects or has a regional scope. During the specific event of 2010, it was observed that the burned areas stopped at the reserve boundary and did not progress to the southern region.
Therefore, the official implementation of the STNR in the 2007 showed changes in spatial patterns, with a decrease in burnt area mainly within the park boundaries. However, confirmation of this decrease should be based on a longer period of monitoring. Moreover, climate change and population growth around the park can intensify the fire regional trends. An integration of STNR and the community living in the buffer zone should be pursued in order to raise awareness of the appropriate use of fire. The fire management programs should consider and maintain natural biological cycles, thereby avoiding fuel accumulation and the increased risk of more serious fires, which pose a threat to native flora and endemic species. Thus, fire management is necessary, so it can play its ecological role in the Cerrado biome.
Conclusions
This paper proposes a new methodology for the study of fire in Brazilian savanna that integrates different spatial analysis techniques, such as fire recurrence, landscape metrics to describe burnt area patterns, and cross-tabulation between vegetation and fire scars. The survey results show that the largest fire events in Brazilian savanna occurred in a 3-year cycle. The burnt areas during 2001-2010 occurred predominantly in the Savanna Formation. Burnt-area proportion within the same class demonstrates similar values between Savanna and Grassland Formations (74%). Some sites showed no burn scars, such as valleys occupied by forest formations, which are less susceptible to fire occurrence. The burnt area patches described the spatial features and factors driving the fire patterns. Current fire patterns in this region are dominated by anthropogenic causes, predominantly in the buffer zone around the park.
The way forward is to define strategies from regional trends using this approach to constrain human incendiary activities. Therefore, zones of high fire recurrence could be used as priority areas for firefighting actions and awareness campaigns involving local residents. In the Serra do Tombador Nature Reserve, increased enforcement is needed to the Northwest and Southeast limits, regions with high fire recurrence. Furthermore, a systematic assessment of burnt areas using remote sensing should be implemented in the region, providing basic knowledge for monitoring and recovery of fire-affected landscapes over time.
